Evaluation of patients with primary mitral valve insufficiency (MI) is best supported by quantitative measures. Cardiovascular magnetic resonance imaging (CMR) offers flow and cardiac chamber volume quantification. We studied cardiac remodelling with CMR to determine MI regurgitation volumes (MI Vol ) related to severe MI.
Introduction
Primary mitral valve insufficiency (MI) is the second most frequent valve abnormality, and its precise characterization and serial assessment is important since surgery may be advised before irreversible left ventricular (LV) systolic dysfunction occurs. 1 Prognosis and timing of surgery are related to the MI volume (MI Vol ) and its impact on the LV and left atrium (LA) that both dilate with resultant increase in filling pressures and ultimately backward failure. 2, 3 Assessment is usually by echocardiography where reproducible quantitation, however, can be difficult, especially in the case of prolapse with eccentric jets. Determination of MI severity by echocardiography is therefore mainly based on semi-quantitative integration of relevant variables. 4, 5 Cardiovascular magnetic resonance imaging (CMR) offers precise quantitation of chamber volumes and function and accurate determination of flow in the ascending aorta (Ao flow ) by flow velocity encoded imaging. MI Vol is obtained by subtracting Ao flow from the LV stroke volume (LVSV) determined from cine images. Current guidelines recommend evaluation by CMR whether determination of MI severity with echocardiography is difficult. 1 Three studies have described the technique with special reference to the quantitation of MI Vol and have demonstrated a low degree of intra-and inter-observer variability. 6 -8 No study has systematically evaluated the utility of CMR across a spectrum of patients with primary MI. The aim of this study was to prospectively evaluate cardiac remodelling with a comprehensive CMR protocol in patients with primary MI. We hypothesized that MI Vol and regurgitation fraction (MI frac ) as determined by CMR would reflect MI severity as determined by integrated echocardiography, and that there would be close relationships between MI Vol , MI frac , LV volumes, and LA volumes. We aimed at describing the impact of MI on Ao flow and peak ejection rate indexed to LV end-diastolic volume (LVEDV), a volume-derived measure of systolic function, 9 and we specifically wanted to determine the MI Vol and MI frac associated with severe MI as defined by LV end-systolic diameter (LVESD) .40 mm.
Patients and methods
The study was conducted in two centres, Copenhagen, DK and Leeds, UK. Seventy-two patients with echocardiographic evidence of primary MI were studied after written informed consent. The study was carried out in accordance with the Helsinki declaration. focal fibrosis as determined by late gadolinium enhancement (LGE) imaging were excluded. Patients were treated clinically as considered appropriate by the attending cardiologists without knowledge of the CMR scan.
Echocardiography
Echocardiography was performed and reported according to European Association of Echocardiography guidelines using an integration of quantitative and qualitative criteria 5, 10 with severity of insufficiency graded as mild, moderate, or severe. Patients were examined with transthoracic and transoesophageal echocardiography as considered appropriate. The integrative approach prescribes an evaluation of valve lesion characteristics in combination with influence on LA and LV with support from quantitative measures of effective regurgitation area if more than mild MI is suspected. Effective regurgitation orifice area (ERO) was determined by the proximal isovelocity surface area (PISA) technique where applicable, and the MI Vol was determined from ERO and the time integral of the continuous flow Doppler curve of the MI jet. 3 Echocardiographic scans were evaluated blinded to CMR and clinical history by a core laboratory (Dept Cardiology, Rigshospitalet, Copenhagen).
Cardiovascular magnetic resonance imaging
CMR was performed on 1.5 or 3.0 T scanners using multi-element phased-array receiver coils (Avanto or Espree, Siemens Medical Solutions, Erlangen, Germany and Achieva, Philips Medical Systems, Best, The Netherlands) and retrospective ECG gating. Following scout images, cine images were obtained using balanced steady-state free precession pulse sequences (echo-time 1.5 -1.6 ms; repetition time 3.0 -3.2 ms; flip-angle 608; 192 by 192 matrix; 320-400 mm field of view), with parallel imaging techniques (SENSE or GRAPPA) with an acceleration factor of 2, slice thickness 8 mm (no gap), and 25 phases per cardiac cycle. In addition to two-, three-, and four-chamber images, complete transverseand short-axis cine stacks were obtained. All images were obtained during end-tidal expiratory breath-holds. Ao flow was determined using a flow-sensitive pulse sequence (through-plane phase-contrast velocity mapping; VENC of 150 cm s
21
) planned at the level of the sino-tubular junction.
LGE imaging was performed using a T 1 -weighted, segmented inversion-recovery gradient echo pulse sequence. Images were acquired 8 -10 min after intravenous injection of 0.1-0.2 mmol kg 21 of gadobutrol or dimeglumine gadopentetate following appropriate inversion time selection guided by a Look-Locker pulse sequence. CMR scans were analysed without knowledge of the clinical history or the echocardiography study by the same experienced readers (blinded to each other, J.B. analysed LA volumes and P.L.v.M. analysed LV volumes, Ao flow , and pulmonary vein diameters) using dedicated software with semi-automatic edge detection and manual correction of the endocardial contour (CVI42 v. 4.0.1, Circle Cardiovascular Imaging Inc., Calgary, Canada). LV end-diastolic and end-systolic volumes and ejection fraction (LVEF) were determined from the short-axis cine stack, while RV and LA volumes were determined from the transverse. 11 Based on identification of LV myocardium, the part of the basal slice belonging to the LV was included. RV trabeculation and LV papillary muscles were excluded from the RV and LV volume measurements, respectively. Cardiac remodelling and function with primary mitral valve insufficiency volume. The MI Vol was determined as the difference between the LVSV and the Ao flow , and the MI frac was determined as the MI Vol divided by the LVSV. LV peak ejection rate (PER) and peak-filling rates (PFR) were determined from the volume curves and indexed to LVEDV. 9 LA passive and active emptying volumes and conduit volume were determined as previously described. 14 The maximal left heart volume (LHV max ) was the sum of LVEDV and LA max . Pulmonary veins were identified from representative cine images and individual diameters summed (PV sum ).
Data analysis and statistics
Co-variation of CMR and echocardiographic grade of MI severity was analysed by the Bland -Altman technique, and internal consistency of CMR data were analysed assuming that for the measured MI Vol to represent the true MI Vol , the patients with the highest measured MI Vol would also be the patients, who displayed the largest heart dimensions including LA volume and PV sum , two measures not used to determine MI Vol . Data were tested for normality, and differences were evaluated with ANOVA followed by Student's t-test if significant. Correlation was analysed with Pearson's correlation coefficient. A two-sided P-value ≤0.05 was considered statistically significant. Data are presented as mean (SD) and indexed to body surface area (Mosteller) where appropriate. LV, LA, and cardiac index (CI) were compared with normal values for gender and age. 12, 13, 15, 16 Contingency data were evaluated with Fisher's exact test. Intra-and inter-observer variabilities were defined as the absolute difference between corresponding repeated measurements expressed as a percentage of their mean. Variability values obtained for each measurement in each patient for each imaging modality were then averaged over the entire patient group. Optimal cut-off points for patients with severe and mild MI and for patients referred for surgery were determined by receiver operating characteristics (ROC) curves. The Youden index 17 was used to determine the cut-off points that maximize the vertical distance from line of equality on the ROC curve and hence represent the maximally obtainable sensitivity and specificity. Lastly, for the operated patients, the post-operative decrease in LV enddiastolic diameter (LVEDD) was determined from echo and compared with the pre-surgical MI Vol .
Results
Seventy-two patients with MI from degenerative mitral valve disease were included in the study ( Table 1) . Based on echocardiography, 24, 20, and 28 patients were determined to have mild, moderate, and severe MI, respectively. Nineteen patients were referred for surgery. All patients were stable and none underwent urgent surgery. Echocardiography-determined MI severity was closely related to CMR parameters with increases in MI Vol , MI frac , and all LHVs (Tables 1 and 2; Figure 1 ). Determination of CMR parameters all demonstrated low intra-and inter-observer variabilities ( Table 3 ). The increase in MI Vol(i) was related to an increase in LVSV (i) and in case of severe MI also a lowered Ao flow(i) ( Table 1 ; Figure 1) . Arterial blood pressure, heart rate, and LVEF were not significantly different between groups, but indexed to LVEDV, the LV PER was lowered in severe MI ( 
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The majority of MI patients had prolapse, often with eccentric MI jets, and echo-determined evaluation of ERO and MI Vol was only performed in 44 of the 72 patients (19/28 severe; 13/20 moderate; 12/24 mild). Echo-determined ERO and MI Vol co-vary with CMR-derived MI Vol (correlation coefficients of 0.78 and 0.80, respectively; both P , 0.0001), the echo-derived MI Vol on average being 11 (28) mL larger than the average of the echo-and CMR-derived MI Vol (Figure 2) . In surgical patients, the LVEDD decreased after the operation, with the decrease being related to the CMR-derived MI Vol (correlation coefficient of 0.69; P , 0.02; Figure 3 ).
With increasing MI Vol(i) , all LHVs increased significantly (Tables 1  and 2) , with the increase in MI Vol(i) being correlated to all CMR parameters (Figure 1) . Also the LA max(i) , LA min(i) , and PV sum(i) , the CMR parameters not related to LHVs or included in the determination of MI Vol , correlated with LV volumes and the MI Vol(i) (Figure 1) . MI Vol(i) of 21 mL m 22 , LVEDV (i) of 108 mL m 22 , and LHV max(i) of 188 mL m 22 were the CMR-derived cut-off values that reflected an integrated echo diagnosis of severe MI and the decision to perform surgery with the highest combined sensitivity and specificity ( Table 4 ; Figure 4) . In severe MI, 90% of patients had an LVEDV/RVEDV ratio of .1.2. Few patients with moderate MI but almost all patients with severe MI had MI Vol .40 mL and MI frac .0.30 ( Table 2) . LA passive and active emptying volumes were not different between groups (data not shown) and hence the MI Vol was forwarded mainly as conduit volume that increased from 28 (8) mL m 22 in mild MI to 43 (11) mL m 22 in severe (P , 0.01). Table 4 Cut-off values and diagnostic performance from ROC curves as depicted in Figure 4 Cut-off Sensitivity Specificity AUC Optimal cut-off points for severe MI (upper); surgical patients (middle); and for mild MI (lower) as determined by receiver operating characteristics curves. The cut-off points that maximize the vertical distance from line of equality on the ROC curve and hence represent the maximally obtainable sensitivity and specificity were determined by the Youden index. are, however, unlikely to be significantly higher than the values reported here. The MI patient is probably best analysed from the combined parameters of chronic cardiac remodelling following a discernible pattern. In severe MI, LVEDV and LA max increase to almost the same extent, whereas with moderate MI the LA max is often still only half the LVEDV. Also, the ratio of the LVEDV to the RVEDV increased up to 1.5, whereas in normal subjects, the RVEDV is as large as or slightly larger than the LVEDV. 12, 13 Backward failure was indicated from PV sum that increased with the LA volume. Patients with PV sum above 40 mm m 22 all had MI Vol .40 mL. The analysis of LV dimensions in surgical patients demonstrated that the initial MI Vol as determined by CMR reflected the patients' cardiovascular burden well, since it correlated with the decrease in LVEDD after surgery. PER (i) is the equivalent of muscle shortening velocity, and hence the concomitant decrease in Ao flow(i) and LV PER (i) in severe MI suggested systolic dysfunction not apparent from LVEF. Such evaluation may prove valuable to refer patients for surgery before overt signs of LV systolic dysfunction appear, since LVEF may decrease following operation and preoperative dysfunction is associated with a worse prognosis. Echocardiography remains the initial imaging technique of mitral valve insufficiency (MI), with important information on lesion anatomy and some information on volumes is offered from 3D echocardiography. With the proposed protocol of magnetic resonance imaging (CMR), however, evaluation of primary MI has become fully quantitative with precise determination of pathophysiologically important parameters, including the regurgitation volume. CMR analysis of aortic flow and peak ejection rate indexed to LVEDV may identify impeding LV systolic dysfunction. The regurgitation volume and regurgitation fraction associated with severe regurgitation are lower than suggested from echocardiography. Proposed cut-off values and parameters of systolic dysfunction must be substantiated in larger studies, but high reproducibility and internal validity suggest that CMR should be considered for evaluation of patients with moderate to severe insufficiency and in future controlled randomized trials.
